Towards Graphene Nanoribbon-based Electronics 
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The successful fabrication of single layer graphene has greatly stimulated the progress of the 
research on graphene. In this article, focusing on the basic electronic and transport properties of 
graphene nanoribbons (GNRs), we review the recent progress of experimental fabrication of GNRs, 
and the theoretical and experimental investigations of physical properties and device applications 
of GNRs. We also briefly discuss the research efforts on the spin polarization of GNRs in relation 
to the edge states. 



I. INTRODUCTION 

Graphene, one monolayer of carbon atoms tightly 
packed into a two-dimensional honeycomb lattice, is ac- 
tively being pursued as a material for next-generation 
electronics due to its promising electronic properties, 
such as high carrier mobility [J [If , long phase coher- 
ence lengths [3]. On the other side, the unique two- 
dimensional atomic structure of graphene implies unique 
confinement on electron system and offers a perfect plat- 
form to explore the amazing physics phenomenons, such 
pjquantum Hall effect 0-0 and massless Dirac fermions 

The first task for experimentalists to study graphene 
electronics is to fabricate high quality single layer 
graphene. Until now, several different experimental 
methods have been proposed and realized to prepare sin- 
gle layer (or few layers) graphene, including mechani- 
cal exfoliation of highly oriented pyrolytic graphite [1], 
patterned epitaxially grown graphene on silicon carbide 
or transition metal (e.g. Ru, Ni) substrates [2|, [l3l - [l5j , 
liquid-phase exfoliation of graphite |16l-[l8j. substrate- 
free gas-phase synthesis [19], and chemical vapor depo- 
sition 0, The success in fabricating single layer 
graphene has stimulated the extensive research efforts 
(both theoretical and experimental) in graphene related 
research area. 

The ultimate goal of the use of graphene in next- 
generation electronics is to realize all-graphene circuit 
with functional devices built from graphene layers or 
graphene nanoribbons (GNRs) |22|, [23|. As the basic 
building blocks of such circuit, the concept of electronic 
devices based on graphene have been proposed theo- 
retically and realized by experiments recently, such as 
field effect transisto rs [23l -[26|, p-n junctions |27l-[3Qj, gas 
molecule sensor |3ll-l33|, and so on. 

In this article, we will focus our discussion on the ba- 
sic electronic and transport properties of GNRs and their 
application to electronic devices. In particular, the theo- 
retical investigations of GNRs physics and the technical 
aspects of GNR based electronic devices will be reviewed 
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in detail. For other topics on the recent experimental 
and theoretical research efforts o n g raphene, please re- 
fer to the reviews by Katsnelson Geim et al (35^ . 
Beenakker [SG*], and Castro Neto et al. [37\. 



II. EXPERIMENTAL FABRICATION OF 
GRAPHENE NANORIBBONS 

The realization of graphene electronics relies on the 
ability to modify the electronic properties of finite-size 
graphenes (for example, from semiconducting to metal- 
lic) by varying their size, shape, and edge orientation. 
Such unique property compared to traditional semicon- 
ductor materials, such as silicon, would ultimately enable 
the design and miniaturization of future electronic cir- 
cuit by patterned graphene. One of the most important 
issues in patterned graphene fabrication is the control 
of the nanoribbon width. In order to take advantage 
of quantum confinement effects in graphene, the ribbon 
width should go down to nanometer scale. To realize 
the patterning of graphene with nano-scale width, several 
different techniques have been proposed including stan- 
dard e-beam lithography (Fig. la) (sl, |39|, microscope 
lithography (Fig. lb) |4Q|-[42|, chemical method (Fig. Ic) 
[43], metallic nanoparticle etching [44], and e-beam irra- 
diation of ultrathin poly(methylmethacrylate) (PMMA) 
(45| . As shown in Fig. la, the scanning electron mi- 
croscopy (SEM) image reveals the graphene can be pat- 
terned by traditional e-beam lithography technique into 
nanoribbons with various widths ranging from 20 to 500 
nm [395. Figure lb shows 10-nm-wide nanoribbon etched 
via scanning tunnelling microscope (STM) lithography. 
By setting the optimal lithographic parameters, it is pos- 
sible to cut GNRs with suitably regular edges, which con- 
stitutes a great advance towards the reproducibility of 
GNR-based devices [40]. Figure Ic shows atomic force 
microscopy images of chemically derived GNRs with var- 
ious widths ranging from 50 nm to sub- 10 nm. These 
GNRs have atomic-scale ultrasmooth edges [43]. 

The electronic properties of GNRs exhibit a strong de- 
pendence on the orientation of their edges. As two typi- 
cal types, armchair GNRs (AGNRs) and zigzag GNRs 
(ZGNRs) can be obtained by lithography technology 
along the specific orientation on graphene (Fig. 2b) 
(si, liO]. Actually, the detailed edge structures (both 
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FIG. 1: (Color online) various GNRs got from different ex- 
perimental methods: (a) The SEM image of GNRs patterned 
by e-beam lithography. Reprinted with permission from Ref. 
[al, Z. Chen et al., Physica E 40, 228 (2007). © 2007, Else- 
vier, (b) An 8-nm-wide 30° CNR bent junction connecting an 
armchair and a zigzag nanoribbon etched by STM lithogra- 
phy. Reprinted with permission from Ref. [40], L. Tapaszto et 
al., Nat. Nanotechnol. 3, 397 (2008). © 2008, Nature Pub- 
lishing Group, (c) GNRs are got by using simple chemical 
methods. Reprinted with permission from Ref. jS], X. Li et 
al.. Science 319, 1229 (2008). © 2008, American Association 
for the Advancement of Science. 



armchair and zigzag) have already been clearly observed 
in recent experiments [46-48]. One of the most serious 
obstacle to graphene electronic application is the reli- 
able control of the edge structure of GNRs. Theoreti- 
cal studies predict that edge states (in a manner simi- 
lar to the well-known concept of surface states of a 3D 
crystal) in graphene are strongly dependent on the edge 
termination and affect the physical properties of GNRs 
(23,49-^4]. However, until now there is no reliable exper- 
imental method which is able to exactly control the edge 
structures and reduce their roughness. An interesting 
experimental observation is that the band gaps of GNRs 
show little orientation dependence [38] and all fabricated 
GNRs show semiconducting behavio r l55|, which seems 
inconsistent with theoretical results |49l-[51j. One of the 
reason for such inconsistency comes from the roughness 
of GNR edges and our explanation is also given in the 
following part of the article. Another issue related to 
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FIG. 2: (Color online) The structures of H-passivated 11- 
AGNR (a) and 6-ZGNR (b), where big green balls and small 
blue balls represent carbon atoms and hydrogen atoms, re- 
spectively. Integer N is their width index. 



GNR edges is the edge passivation. Since the dangling 
bonds from the edge carbon atoms have relatively high 
chemical activity, there is the possibility that other chem- 
ical elements present in the material fabrication process 
(such as C, O, N, H and other chemical groups formed 
by these atoms) would interact with the edge atoms and 
modify the electronic properties of GNRs. To the best 
of our knowledge, this issue has not been properly solved 
experimentally. 



III. ELEMENTARY ELECTRONIC AND 
TRANSPORT PROPERTIES OF GRAPHENE 
NANORIBBONS 

Next we will review some basic electronic and trans- 
port properties of GNRs from the theoretical viewpoint. 
Figs. 2a and 2b show two typical models of armchair 
and zigzag GNRs in first-principles or other atomic-level 
electronic structure calculations, noting as 11-AGNR and 
6-ZGNR, respectively. Here the numbers 11 and 6 are de- 
fined as the width index, N. In order to remove the effect 
of danghng bonds, the edges of GNRs are saturated by 
hydrogen atoms. As geometrically terminated graphene, 
the electronic structure of GNRs can be modelled by im- 
posing appropriate boundary conditions on Schrodinger's 
equation with simple tight-binding (TB) approximations 
based on 7r-states of carbon [4^, |^ . Another way to get 
the band structure is to solve two-dimensional Dirac's 
equation of massless free particles with an effective speed 
of light to model GNR system [56]. Within these models, 
it is predicted that GNRs with armchair-shaped edges 
can be either metallic or semiconducting depending on 
their widths, as shown in Fig. 3a. On the other side, the 
GNRs with zigzag-shaped edges are metallic with pecu- 
liar edge states on both sides of ribbons regardless of their 
widths, as shown in Fig. 4a. ^ [50|, [13 

Further detailed ab initio and GW quasiparticle cal- 
culations show that all of the AGNRs exhibit semicon- 
ducting behavior and the energy gaps decrease as a func- 
tion of increasing ribbon widths. The variation in energy 
gaps can be sep arated into three distinct family behav- 
iors [23I, [H, [U [m , as shown in Fig. 3b. As mentioned 
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FIG. 3: (Color online) The variation of band gaps of N^- 
AGNRs as a function of width (wa) obtained (a) from TB 
calculations and (b) from first-principles calculations (sym- 
bols), (c) First-principles band structures of Na-AGNRs with 
Na= 12, 13, and 14, respectively. Reprinted with permission 
from Ref. [H, Y. -W. Son et al., Phys. Rev. Lett. 97, 
216803 (2006). © 2006, American Physical Society. 



above, such dependence of band gap on the geometri- 
cal structure of GNR offers unique possibility to modify 
the electronic properties of GNRs simply by controlling 
the width and edge orientation in order to realize all- 
graphene functional devices. 

Upon inclusion of the spin degrees of freedom within 
density functional theory (DFT) calculations, ZGNRs 
are predicted to have a magnetic insulating ground state 
with ferromagnetic ordering at each zigzag edge and an- 
tiparallel spin orientation between the two edges [H, 113 , 
as shown in Fig. 4b. The spin polarization originates 
from the edge states that introduce a high density of 
state (DOS) at the Fermi energy. It can be qualita- 
tively understood in terms of the stoner magnetism of 
sp electrons (in analogy to conventional d electrons), 
which occupy a very narrow edge band and render in- 
stability of spin-band splitting [59|- What is more in- 
teresting, the zigzag GNRs show half-metallic behavior 
when external transverse electric field is applied across 
the ZGNRs along the lateral direction [57], as shown in 
Fig. 4c. However, such spin related half-metallic phe- 
nomenon becomes weak with increasing ribbon width 
(since the total energy difference per edge atom between 
spin-unpolarized and spin-polarized edge states is only 
about 20 meV in their simulation system and decreases 
with increasing width) and is not energetically stable if 
the width of GNR is significantly larger than the decay 
length of the spin-polarized edge states 0, (gH . On the 
other hand, it is predicted that the half-metallicity can be 
also achieved in edge-modified or doped ZGNRs [62-65] 

Another important issue regarding the basic electronic 
structures of GNRs relies on the edge states. Due to the 
presence of the edge states, the tt and tt* subbands of 
metallic ZGNRs (in the spin-unpolarized state) do not 
cross with each other at the Fermi level to span the 
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FIG. 4: (Color online) Electronic structures of graphene 
nanoribbons. In all figures, the Fermi energy (Ef) is set to 
zero, a. The spin-unpolarized band structure of a 16-ZGNR. 
b. The spatial distribution of the charge difference between 
a-spin and /3-spin for the ground state when there is no ex- 
ternal field. The magnetization per edge atom for each spin 
on each sublattice is 0.43/iB with opposite orientation, where 
/is is the Bohr magneton. The graph is the electron density 
integrated in the z direction, and the scale bar is in units of 
10~^eA~^. c. From left to right, the spin-resolved band struc- 
tures of a 16-ZGNR with the external field of 0.0, 0.05 and 
0.1 VA, respectively. The red and blue lines denote bands of 
a-spin and /3-spin states, respectively. Reprinted with per- 
mission from Ref. [57], Y. -W. Son et al.. Nature 444, 347 
(2006). © 2006, Nature Publishing Group. 



whole energy range like metallic armchair carbon nan- 
otubes (CNTs) (the left panel of Fig. 5a). This leads to 
the fact that the transport property of ZGNRs under a 
low bias voltage (or a small potential step) is only deter- 
mined by the transmission between tt and tt* subbands 
(as shown in Fig. 5a). With the presence of such unique 
band structures, ZGNRs exhibit two distinct transport 
behaviors depending on the existence of a mirror sym- 
metry with respect to the midplane between two edges 
[66-69], although all the ZGNRs have similar metallic 
energy band structures. Since the tt and tt* subbands 
of symmetric ZGNRs (i.e., width index N is an even 
number) have opposite definite a parities, the transmis- 
sion between them is forbidden (the left panel of Fig. 
5b). For asymmetric ZGNRs (i.e., width index N is an 
odd number), however, their tt and tt* subbands do not 
have definite a parities, so the coupling between them 
can contribute to about one conductance quantum (the 
right panel of Fig. 5b). This transport difference can be 
clearly reflected in the current-bias- volt age (/-Vbias) char- 
acteristics of ZGNRs by using the first-principle trans- 
port simulation, as shown in Fig. 5c. Although metal- 
hc armchair carbon nanotubes also have tt and tt* sub- 
bands with definite parities, such symmetry-depending 
(or band-selective) I-Vhias characteristics cannot be ob- 
served in them because of the crossover of their subbands, 
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FIG. 5: (Color online) (a) Schematic band structure around 
the Fermi level of a ZGNR under a positive (Vg+) and a 
negative (V^-) potential step, (b) Conductance of 8-ZGNR 
and 7-ZGNR under two potential steps shown in (a), (c) /- 
Vbias curves of the two-probe system (see the inset) made of 
ZGNRs with different widths N . Reprinted with permission 
from Ref. 66], Z. Li et al., Phys. Rev. Lett 100, 206802 
(2008). © 2008, American Physical Society. 



i.e., the absence of edge states. Recently, theoretical work 
predicts a very large magnetoresistance in a graphene 
nanoribbon device due to the existence of edge states 



Besides the fabrication and theoretical study of mono- 
layer graphene and GNRs, recent experimental (7ll-[73j 
and theoretical (t^-Itt} studies are also carried out on 
bilayer graphene and GNRs. Theoretically, it is shown 
that the bilayer GNRs and monolayer GNRs have some 
similar electronic properties such as edge states localized 
at the zigzag edges and semiconducting behavior of arm- 
chair bilayer GNRs [75|477j. Experimentally, it is found 
that the bilayer graphene has unique features such as 
anomalous integer quantum Hall effects [7l| , which is ab- 
sent in single layer graphene. And the size of energy gap 
of such bilayer structures can be controlled by adjusting 
carrier concentration ^] as well as by an external elec- 
tric field [73I . These unique properties open an opportu- 
nity to implement bilayer graphene or GNRs in various 
electronic applications. 



IV. EDGE DISORDER IN GRAPHENE 
NANORIBBONS 

As mentioned above, current experimental techniques 
(such as lithography) are not able to realize exact con- 
trol of the edge structures of GNRs and the edges are 
always very rough due to the limitation of the fabrica- 
tion technology jsH, [39| . There are theoretical evidences 
that such edge disorders can si gnifi cantly change the elec- 
tronic properties of GNRs [78-^3], and lead to some un- 
expected physics effect, such as the Anderson localization 
[13, in and Coulomb blockade effect 0. These effects 
have already been observed in lithographically obtained 
graphene nanoribbons [29, 38, 87-89]. 

The edge roughness is also crucial for the spin polarized 
properties of GNRs. As we know, the magnetic prop- 
erties of GNRs depend on the highly degenerate edge 
states. In principle a perfect edge structure is necessary 
for stabilizing magnetic properties of GNRs as theoret- 
ically predicted. An important question is, how robust 
the spin-polarized state is in the presence of edge de- 
fects and impurities? The answer to this question is not 
only scientifically interesting to better understand the 
physical mechanism of spin polarization in GNRs but 
also has important technological implications in the re- 
liability of GNRs as a new class of spintronic materials. 
First-principles theoretical studies reveals the effect of 
edge vacancies and substitutionally doped boron atoms, 
as typical examples of structural edge defects and im- 
purities, on the spin- polarization of ZGNRs [59^ The 
calculated energy difference between the magnetic state 
[both antiferromagnetic (AF) and ferromagnetic (FM)] 
and the nonmagnetic state is found to rapidly decrease 
with increasing defect concentration and eventually de- 
crease to zero (nonmagnetic), as shown in Fig. 6. The 
critical defect (impurity) concentration is found to be ~ 
0.10/ A when the ribbon width is larger than 2 nm. 

Evidently, the magnetism in GNRs depends on a high 
density of state (DOS) around the Fermi energy com- 
ing from the highly degenerate edge states in a perfect 
ribbon edge (Ep) that renders instability of spin polar- 
ization [59]. The presence of edge vacancies and impu- 
rities would decrease the DOS at Ep since they do not 
contribute to the same edge state. From Stoner model, 
such decrease of DOS will suppress the spin polarization 
of GNR systems. Therefore, the practical realization of 
the spin polarization in GNRs for spintronics applications 
could be rather challenging [59] . Recently, an interesting 
theoretical work systematically studied the spin current 
in rough GNRs and predicted that only GNRs with im- 
perfect edges exhibit a nonzero spin conductance while 
there is no spin current in perfect GNRs [90] . It confirms 
that the edge effect is of great importance to spin related 
properties of GNRs. 

Furthermore, the problem of edge passivation has not 
yet clearly resolved by experiment until now. From the 
theoretical viewpoint, the edge passivation can be well 
modeled by the modifications of the hopping energies in 
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FIG. 6: (Color online) The energy difference per edge atom 
between the magnetic (AF or FM) and paramagnetic (PA) 
state as a function of vacancy concentration in the edge. Two 
different ribbon widths of N=6 and A/'=4 are shown. The in- 
set shows the critical concentration as a function of the ribbon 
width up to 5 nm. Reprinted with permission from Ref. [59], 
B. Huang et al., Phys. Rev. B 77, 153411 (2008). © 2008, 
American Physical Society. 

the tight-binding approach foi^ or via additional phases 
in the boundary conditions [93] . Recent theoretical mod- 
eling and calculations have indicated that the edge pas- 
sivation has a strong effect on the electronic and spin- 
polarized properties of GNRs (62l-[6^. The possible pas- 
sivation species include hydrogen, carbon, oxygen, nitro- 
gen, and other chemical groups. Further experimental 
works are needed to explore the realistic edge structures 
of GNRs at atomic scale and determine which types of 
edge passivation are favorable. 



V. TRANSISTORS BASED ON GRAPHENE 
NANORIBBONS 




FIG. 7: (Color online) Schematics of three device building 
blocks: (a) a metal-semiconductor junction between a zigzag 
and an armchair GNR, (b) a p-n junction between two arm- 
chair GNRs with different edge doping, and (c) a heteroj unc- 
tion between two armchair GNRs of different widths (band 
gaps), (d) Schematics of a GNR-FET, made from one semi- 
conducting 10-AGNR channel and two metallic 7-ZGNR leads 
connected to two external metal electrodes. Reprinted with 
permission from Ref. |23|], Q. Yan et al., Nano Lett. 7, 1469 
(2007). © 2007, American Chemical Society. 



The interesting and unique electronic properties of 
GNRs, such as orientation and width dependence of 
transport behavior, offer great possibilities for their elec- 
tronic device applications. Compared with other elec- 
tronic materials, one of the most promising advantage of 
GNRs is that GNR-based devices and even integrated cir- 
cuits can be fabricated by a single process of patterning 
a graphene sheet [23]. Figures 7a- 7c illustrate three basic 
device building blocks: (i) metal-semiconductor junction, 
(ii) p-n junction, and (iii) hetero-j unction, which can be, 
respectively, made by patterned GNRs (i) along different 
direction, (ii) with different edge doping, and (iii) with 
different widths. It was proposed that a variety of devices 
can be constructed from these building blocks. For ex- 
ample, a field effect transistor (FET) can be made simply 
by two metal-semiconductor junctions, as shown in Fig. 
7d. There are some potential key advantages in designing 
and constructing device architectures based on GNRs. 
The first advantage is the perfect atomic interface, a fea- 
ture that is difficult to achieve for the interconnection 



between nanotubes of different diameter and chirality. 
Second, it is generally difficult to find a robust method 
to make contact with the molecular device unit, because 
there exists usually a large contact resistance between the 
metal electrodes and molecules {e.g., single- walled CNT) 
due to a very small contact area. This difficulty may be 
circumvented by using GNRs, because the GNR-based 
devices can be connected to the outside circuits exclu- 
sively via metallic GNRs (or graphene), as illustrated in 
Fig. 7d, which serve as extensions of metal electrodes 
to make contact with the semiconducting GNRs so that 
an atomically smooth metal-semiconductor interface is 
maintained with minimum contact resistance. Last but 
not the least, the edges of GNRs may serve as effective 
sites for doping. In principle, by introducing different 
types of dopants at different sections of GNR edges, one 
can realize a p-n junction by selective doping, as shown 
in Fig. 7b. 

One of the most important electronic applications 
based on GNRs is field effect transistors. Recently, ex- 
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FIG. 8: (Color online) (a) and (b) Transistor performance of 
GNR-FETs with width of - 2 nm and channel length of - 236 
nm [(c) and (d), width of ^ 60 nm, and channel length of ^ 
190 nm ]. (a) Transfer characteristics (current vs gate voltage 
^ds-V^s) under various Vds- ^on/^off ratio of > 10^ is achieved 
at room temperature, (b) Output characteristics (/ds-Vds) 
under various Vgs. On current density is ^ 2000 /iA//im in 
this device, (c) Transfer and (d) output characteristics of the 
60 nm width GNR-FET device. Reprinted with permission 
from Ref. [Hi, X. Wang et al., Phys. Rev. Lett. 100, 206803 
(2008). © 2008, American Physical Society. 



perimental studies [38|, l39|, |43|, l55| have indicated the pos- 
sibility of fabricating GNR-based transistors. The advan- 
tage of GNRs as an alternative material for transistors is 
that it could bypass the chirality challenge of CNTs while 
retaining the excellent electronic properties of graphene 
sheets, such as the high /on/^ff ratio and excellent elec- 
tron/hole mobilities. The performance of one sub-lO-nm 
GNR-FET in the latest work from Dai's group is shown in 
Figs. 8a and 8b (the transfer and output characteristics, 
respectively, for the GNR device with the width of ~ 2 
± 0.5 nm and the channel length of ~ 236 nm)[55]. This 
device delivered Ion ^ 4 fiA at Vds = 1 V, /on/^ff ratio > 
10^ at Vds = 0.5 V, subthreshold slope 5'=dygate/dlog/ 
^ 210 mV/decade and transconductance ~ 1.8 /iS (~900 
/iS//im). The device performance is comparable with the 
best CNT-based transistors. However, the Dirac point 
was not observed around zero gate bias in this measure- 
ment, indicating p-doping effects at the edges or by ph- 
ysisorbed species during the chemical treatment steps. 

Together with experimental progress on GNR-based 
transistors, theoretical studies using semiclassical and 
quantum transport models show that GNR-based FETs 
could have a similar performance as CNT-based FETs 
and might outperform traditional Si-based FETs [2j|, [qsI - 
[95[. Figure 9 shows a first-principles study on the per- 
formance of a typical GNR-based FET made with a 5.91 
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FIG. 9: (Color online) (a) I—Vgate curve for a 5.91 nm long in- 
trinsic 10-AGNR channel (Vbias=20 mV). (b) /- Vbias curves 
under different gate voltage (Igate). (c) I—Vgate curves for dif- 
ferent channel lengths (Vbias=20 mV). (d) The subthreshold 
swing (S) as a function of channel length L. (e),(f) / — Vgate 
curves for a 5.91 nm long 10-AGNR channel with selective 
N and B doping, respectively (Vbias=20 mV). Reprinted with 
permission from Ref. [53], Q. Yan et al., Nano Lett. 7, 1469 
(2007). © 2007, American Chemical Society. 



nm long intrinsic semiconducting 10-AGNR channel con- 
nected to two metallic 7-ZGNR leads (source and drain) 
[23]. In Fig. 9a, the near-symmetric / — V^ate curve 
shows an excellent ambipolar transistor with ON/OFF 
ratio /on/^off ^ 2000 and subthreshold swing of 5* ~ 
60 mV/decade, which are comparable to those of high 
performance CNT-FETs. Such the field effect can be 
clearly reflected in the change of / — Vbias characteris- 
tics under different gate voltages (Fig. 9b). Figure 9c 
shows the / — V^ate curves of the GNR-FETs made from 
the same 10-AGNR channel with its length ranging from 
1.69 to 6.76 nm, from which the values of 5* are derived 
as a function of L as shown in Figure 9d. Clearly, S de- 
creases with increasing L, and gradually approaches '^60 
mV/decade when L becomes longer than 6 nm. Mean- 
while, the ON-current stays the same, independent of L, 
but the OFF-state leakage current increases rapidly with 
decreasing L, which gives rise to a large 5*. The per- 
formance of the ambipolar GNR-FETs made of intrin- 
sic semiconductor channels can be understood in terms 
of metal-semiconductor tunneling junctionh within the 
semiclassical band-bending model. 
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FIG. 10: (Color online) (a) The schematic structure of the 
field effect transistor (FET) made from a single 5-ZGNR. The 
semiconducting channel is obtained by edge doping of N in a 
finite- length region (the center region), (b) Simulated /-Vgate 
curves of N-doped GNR-FETs under Vbias = 0.01 V. The 
channel length is 8.54 nm and the linear doping concentration 
is 0.1365 A~^. (c) The dependence of the subthreshold swing 
S (blue line) and the ON/OFF current ratio (red line) on 
the channel length L. Reprinted with permission from Ref. 
[H, B. Huang et al., Appl. Phys. Lett. 91, 253122 (2007). 
© 2007, American Institute of Physics. 



Compared with the basic ambipolar FETs, it is well 
known that n-type (or p-type) FETs serve as criti- 
cal transistor devices for digital electronics applications 
[96, "97]. To realize such device design based on GNRs, a 
method was proposed using N (or B) atoms as selective 
dopants at the channel region of perfect GNR-FETs (the 
positions of B or N are indicated by arrows in Fig. 7d). 
Figure 9e (9f) shows the calculated / — V^ate curves un- 
der Vbias = 20 mV, exhibiting the typical behavior of a 
n-type (p-type) FET [235- It is suggested that all of the 
functional transistor devices that work in traditional Si- 
based circuits could be realized by GNRs and GNR-based 
junctions in principle. 

Noting the current experimental difficulty to get an ac- 
curate Z-shape junction (i.e., FET shown in Fig. 7d) due 
to the limitation of lithography technique, a new type of 
field effect transistor has also been proposed taking ad- 
vantage of the metal-semiconductor transition in ZGNRs 
induced by substitutional doping of nitrogen or boron 
atoms at their edges as shown in Fig. 10a. Besides 
simplifying the fabrication process, such a linear config- 
uration can also increase the device density in electronic 
circuits. Figure 10b shows a typical /— Igate curve for the 
N-doped GNR-FET (with the channel length of 8.54 nm) 
under the bias voltage Vbias = 0-01 V. Clearly, the doped 
FET exhibits ambipolar characteristics, similar to the Z- 
shape FETs. The relationship between the device perfor- 
mance and the channel length is demonstrated by calcu- 
lating /— V^ate curve of N-doped GNR-FETs as a function 
of the doped channel length while keeping the bias volt- 



age Vbias at 0.01 V. As shown in Fig. 10c, the subthresh- 
old swing S of these doped GNR-FETs decreases and the 
ON/OFF current ratio increases exponentially. It can be 
seen that for good device performance with small S value 
(e.g., below 100 mV/decade) and high ON/OFF current 
ratio (e.g., above 100), the doped channel length should 
be longer than 5 nm. The minimum leakage current of 
those FETs with the doped channels shorter than this 
critical length will be greatly enhanced by direct tunnel- 
ing, which lowers the device performance. 

Besides ideal case, some more practice issues concern- 
ing GNR-based FETs are discussed in recent theoreti- 
cal works. For example, the effects of the various con- 
tact types and shapes on the performance of Schottky- 
barrier-type GNR-FETs have been investigated theoret- 
ically [99.], which indicates that the semi-infinite normal 
metal can potentially provide promising performance. In 
addition, the effect of edge roughness and carrier scat- 
tering on GNR-FETs have been studied [100-102]. The 
presence of edge disorder significantly reduces ON-state 
currents and increases OFF-state currents (the ON/OFF 
ratio decreases), and introduces wide variability across 
devices. These effects become weaker for GNRs with 
larger width and smoother edges. However, the band 
gap decreases with increasing width, thereby increasing 
the band-to-band tunneling mediated subthreshold leak- 
age current even with perfect GNRs. Obviously, with- 
out atomically precise edge control during fabrication, it 
is hard to get reliable and stable performance of GNR- 
FETs. 

Due to their unusual basic properties, GNRs as well as 
graphene are promising for a large number of applications 
[35, 83], from spin filters [63, 90, 103], valley filters [10^, 
to chemical sensors [3l|, 0, llOSj . GNRs can be chemi- 
cally and/or structurally modified in order to change its 
functionality and hence its potential applications. 



VI. SUMMARY 

In summary, we review the basic electronic and trans- 
port properties of graphene nanoribbons, and discuss 
recent theoretical and experimental progress on GNR- 
based field effect transistors from the viewpoint of de- 
vice application. Due to the interesting electronic and 
magnetic properties, GNRs have been demonstrated as a 
promising candidate material for future post-silicon elec- 
tronics such as transport materials, field effect transis- 
tors, and spin injection or filter. More experimental ef- 
forts will focus on fabricating high quality nanoribbon 
samples with accurate control of the edge structures. 
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